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Issues Can be Addressed by Reactive Transport
Modeling [z N i 32 # 15900 AT LAAE SR Y I] R

« Changes in groundwater quality induced by CO, 15
injection (storage formation and shallow aquifers) Structural &

stratigraphic
HCOENG R KK RN (fEMEEREKED trapping
* What is the long-term fate of injected CO,? 2 e
EAFICO25 & IFTE?

What fraction of CO, is stored as a free phase
(mobile or trapped), dissolved in the aqueous phase,
or sequestered in solid minerals?

FEANFICO2 LA B A B 7 EL 451 2

How do the proportions in these different storage 1 10 100 1,000 10,000
modes Change over time? Time since injection stops (years)

A [F) il 2T ARG TR K2R 4 ?

Is co-injection with H,S feasible? 5SH2SHLFIF AR T
Af4T?

Caprock integary? 5 ZEBAK 241 ?

Trapping contribution %

Solubility
trapping




Simulator TOUGHREAC T )58

Processes (GZf%) :
. gtﬁltiphase fluid and heat flow: TOUGH2 V2 (Pruess, et al., 1999) (&R
9
- Transport: advection and diffusion in both liquid and gas phases (JZ/Riz#
EPY
- Chemical reactions: (4k22x ML)
— Aqueous complexation /K% &Y
— Acid-base Bi:HH]
— Redox &Mk E L
— Mineral dissol./precip. (equilibrium and/or kinetics)
WY RS RTE CPREEEhA)
— Gas dissol./exsol. S4&¥%#HTH
— Cation exchange FHE 735 #t
— Surface complexation RHZ%E
— Linear Kd adsorption £&{EKdW

— Decay Z&




SpeC|aI Features &

« Changes in porosity and permeability, and unsaturated zone
properties due to mineral diss./ppt. and clay swelling

%E?gﬁ}){“ %Fﬁ%ﬁ@/ﬁ%ﬂ*ﬁiﬂﬁﬁﬂ&éli‘@ﬂ@%‘wﬁ&%ﬂ%}iﬁﬁu/&ill%’ffﬂ)%
 Gas phase and gaseous species are active in flow, transport,
and reaction

SHFMKAEYIRER SN BB RN R TEERR
* General: Porous and fractured media; 5 ¢-k models; rate laws;
any number of chemical species

%ﬂ%ﬂ@: FLERMRERA R, 5 o-k REL; EERER; EAHENNLE

 Wide range of conditions: P, T, pH, Eh, Salinity
Tz KIS %A I8, &E, pH, BHDLILE
* Widely used: institutions, J. Papers

IR AU FEHAIAN, BRT FEZR




Water Chemistry in the Observation Well
Induced by CO2 Injection at Frio

Injection Well Downhole Pressure

152

Initial pressure for
1514 CO,filled wellbore

- e — o ey
Houston [+
2 Initial pressure for
150 1 H,O-filled wellbore
g
9; 149 1.7 bar
62- —
1 Typical e Injection periods
domestic rate ~3 kgls
water- BRI | N R R Y B L R
supply 147 L

Trinity River botioms —- 0 5 10 15 20
e Time (days)
Mineral Chemical Vol.% Component | Concentratio
composition of medium
Sand  Shale n
Primary:
quartz 406 173
kaolinite 141 395 (mol/kg H0)
calcite CaCOs 135 981
illite 07 2533 | Ca® 6.6 x107
kerogen-OS 0.0 1.8 2+ -2
oligoclase 13.86 4.75 Mg), 2.2x10
K-feldspar s 427 | Na 1.35 X
Na-smectite 28 207 | K 4.53 x10°
chlorite 319 212 Iron 4 x1 -4
hematite 035 00 o 63 04
porosity 30 10 SIOQ(aq) 2.50 x10 ,
Carbon 5.04 x10°
Secondary: Sulfur 4.20x10°
anhydrite CaSO, A13+ 1.56 10—8
magnesite MgCO; al D0 X
low-albite ) 1.49
dplorpite CaMg(CO;5), 02(a C]) 4.88 x1 0—68
siderite FeCO;
Ca-smectite
pyrite pH 6.7
ankerite CaMgy3Fe) 2(CO;5), T 59°C
dawsonite NaAICO; (OH),

China,Australia,Geological:Storage - of Coo———
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Water Chemistry Change: Results
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Long-term Storage of CO, CO,] K17

CCaptu re):(l’ransportatioMnjectiorD

Large-scale CO2
Emission Source

Injection Well Q=20 kg/s
l =~0.64 Mtfyear

i !

Land surface

~2000 m

40m CO, plum
Sandstone
¥ formation sm$ Injection portion

Schematic representation of the 2-D radial flow model for supercritical CO, injection into
a sandstone formation.

2-D radial model for long-
term CO, storage. Use
physical and chemical
conditions and parameters as
in the previous 1-D radial
example

CO2HJ K JItd A7 — 412 AR 2

Consider density changes due
to reactions (aqueous
complexation of bicarbonate
with dissolved cations) such as
NaHCO;, CaHCO,",
MgHCO,", and FeHCO3 > oee

% BT RGN EARL




Gas and Aqueous Phases

SR AR

CO, injected into a storage reservoir will
tend to migrate upwards towards the cap-
rock because the density of the supercritical
CO, phase is lower than that of the aqueous
phase

B CO2E A LK% BB, FENE
s R CO2% BT 7K % &

In the upper portions of the reservoir, CO,
dissolution into brine lowers pH and
induces mineral dissolution

EfEER EES, CO2EMET HK P EpHFEK,
H B VI

Then aqueous complexation of bicarbonate
with dissolved cations: NaHCO;, CaHCO;",
MgHCO;", and FeHCO;™ increase density,
and enhance convection mixing

K FERER SR 44 LANaHCO3,CaHCO3+,
MgHCO3+ FeHC03+ﬁﬁE%¥ﬁ%“t Bk

Depth from the top (m)

Depth from the top (m)

Depth from the top (m)

CO2 gas saturation

t=10yr
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Radial distance (m)

Total dissolved CO2
t=1000 yr
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Porosity Change and Mineral Trapping
FLERZRM ST I3k

« Lowed pH induces dissolution of primary E
minerals and precipitation of clay and 2 o siderite-2
carbonate minerals S o}
EpHSSCETER DRAARLT nAAET 2o ——
& t=1000 yr
* Porosity increases slightly in the two-phase ok e ——

region due to dominant mineral dissolution. | Radial distance (m)
While porosity decreases at the front of the
aqueous-phase

%E ,ﬁ%@ ﬁﬁgﬁ%f[ﬂ@ﬁm%

 The mineral trapping starts at late stage and
then increases with time

E R R T A K o i
*  After 1,000 years, 29% of the injected CO, 1 ol o4 dions
can be trapped in the solid (mlneral) phase, )

28% in the aqueous, and 43% in the gas
phase.

FE10004E )5, 29%HIVE N EET Y3k, 28% I o
HIEMET KT, 43%MLISE GBIRAR) 7E 0] .
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Porosity distribution
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Cap Rock Alteration due to CO, Storage
CO,HET7 3| Rk 3 22

Self sealing Fractur  time =10 years

————& 0.01years
A——&—A 0.1years

@&—®—® 05years

$—— 1 year
. Fracture
calcite

caprock domain

calcite, volume fraction
o
<]

Gir interface, m

|

LLRLL IR LLL IR N R %
0.001 0.01 0.1 1 . 10 o
Laygeer e distance from reservoir interface, m = B
£
0.16 — 8
_ = £
- 8
012 — porosity ®
i =
> — *———# 001 years
B A——h——4 (1 years
g 0.08 — ®—8—® 05 years
8_ i —+—F 1year i
0.04 —
T ]
| caprock domain min 0.5 1
- ILLILLLLL B U R L B R distance from fracture axis, m
0.001 0.01 01 1 R 10

>

distance from reservoir interface, m



Change of groundwater quality: heavy metal

ﬂij;—FZKFﬁ 755“3 . ié/%

CO2 Injection Well
Groundwater Groundwater
. Quality Ch‘anges o o Wells

Drinking Wajer

iy

Leakage of CO»
/ Through Faults or Wells

6.9E-08
6.3E-08
5.6E-08
5.0E-08

Chemical Geology; Zheng, Apps, Zhang, Xu, and Birkholzer; 2009

Injection of
Supercritical CO2

« Possibility of leakage pathways such as faults or wells
A REI M ERBR AT W BB
 (CO2 leakage into aquifers may cause mobilization of hazardous trace elements
TR S KEVRSBEEFRETRNTIR
* Reactive transport modeling shows that substantial increases in aqueous
concentrations of lead and arsenic could occur

[ RLH BRI AR 75 7KOR mp 32 22 A B B AR 1 R B2 ) S B 8




Change of groundwater quality: organics

WTKFRE: HHY o
-600§ : _
] Overlying aquifer
-800
Leakage of CO2 or brine migration may cause P
migration of other contaminants (e.g., organics, '.\1'2002 |
co-injectants) into aquifers L fadterd
CO2itt R H/KTB M Re R BH BT RYITBE& . Fracture |
KE ]
. . g § ‘ CO, Injection well
Model study indicates that benzene could be 1800; - Storagejformation
extracted by supercritical CO2 from storage et e

formation and transported to an overlying
aquifer via fracture

BRI 5T R B 2 7] BEBGER I S CO2 3L 2 b HY i
TRRIEB B ERRIEKE

YBENZENE
9.597E-08
9.064E-08
8.531E-08
7.997E-08
7.464E-08
6.931E-08
6.398E-08
5.865E-08
5.332E-08
4.798E-08
4.265E-08
3.732E-08
3.199E-08

: 9 2.666E-08

Research Ongoing; Zheng, Apps, Spycher, Xu, and Birkholzer . 2 23E 00

1.066E-08

5.332E-09
5.000E-09
1.000E-09




Model Validations
AR AR IE

e Can be partially validated from:
Rews I L T 7 A KX IE :

— Lab experiments: Batch and flow-through
LI F LK. FHSELRMGSIRE

— Observations from field demonstration projects
Sy TR

— Analogue from CO2 reservoirs
CO2f#Z3RE

 Here the validation concept is different from conventional
groundwater modeling:

BEALIR B KBRS 5 G R AKARIUA -

— Pattern, mineral assemblage

W FERANAS

— Qualitative, semi-quantitative

M), FER

/N




Natural Analogue

RIRCO25 H EL -

* Mineral alteration in Ladbroke Grove CO, (gas) field of South Australia.
AR
 (Observations consistent with our simulations include the destruction of

chlorite and net corrosion of the feldspars, a reduction in the

concentration of calcite, an increase in the concentration of siderite and
ankerite.

MAFTPRUN T EE B, BFEKEABIANKA K PIRE M, BRRESIKER
N, BRI B AW E R

1460 M.N. Watson et al. | Energy 29 (2004) 14571466

Pretty Hill Formation Mineral Composition Range

Quartz 110 -.:
Feldspa f— |
e COubsENL
Rock Frags — Katnook reservoir
Calcite jumm €O, ich
m Ladbroke Grove
2”' - o o o - - gk iceiial
Siderite | —— * s;’-ecgoa:'::o"n::
— concretion
Kaoinite
Chiorite umm —
Porosity | s—p—
10 15 20 25 30
Mineral Percent (%)
Fig. 2. Comparison of mineral compositions from the COs-rich Ladbroke Grove and the COs-absent Katnook sam- 4N
ples. Variation in mineral composition is very apparent in carbonates and clays. n “
China,Australia,Geological;Storage,of,C0O2 N\
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Open Challenges (Uncertainties)

TH

I BBk (AN 72 1)

Processes are multi-scale in space and time
R 22 (AN []_E R 2 RZH)
— The time scale for significant convective mixing is likely to be slow, on the
order of hundreds of years or more

R REE, MARSEEIEATRIEFERE, RAEBENEES LREES
— Kinetics of geochemical interactions
W R B )5
Depend on many factors including initial abundance of primary minerals, and
pressure and temperature conditions of storage formation

BT 2 AR BEEEET VIKVIRIRE, 25 ARE XA

Thermodynamic data especially for highly-concentrated solutions: Lab
experiments and analogues of natural CO, reservoirs

RN LR A R R IR B, ENSERAMRRCO2M4ZKLL
Reactivity of SC CO, with rock and organic matters is not well understood

SC CO2M A A BB VR K R FEIERTE

Significant changes in porosity could occur, a mechanics model needs to be
coupled with a reactive transport model

LB R REEREN, FTERPIZNERERR R NG RSB RS TR




Conclusions (1)

Ziwe (1)

« Reactive transport modeling can solve problems and answer questions related
to CO, geological sequestration, such as

R BLE R B B AR BE B8 AR ULl [B] 2 5 CO2Hb Ji B A7 AR 1 el AR, 51220 -
— fate and transport of injected CO2 JEANKICO2FTEMZHE
— amount of CO2 dissolved in groundwater T /KT BEMCO2HEE
— trapped by carbonate minerals BxEREEH PR
— variations of these storage forms over time. {7/ 2\ G H [8] 12324k

 Comprehensive geochemical transport models such as TOUGHREACT have
been developed that incorporate

SZARMBRLFEBHEE (BIITOUGHREACT ) E&FRHERT, FECRE
— aqueous reactions 7KAHH K Jx B
— mineral dissolution and precipitation under equilibrium and Kkinetic
conditions ~F#TELR B /1 264 T KI5 VI A T
— CO2 dissolution and exsolution CO2%f# M H

— coupled to multi-phase CO2-water flow & CO2-/KZ i




Conclusions (2)

These models have been applied to solve field-scale problems at various sites such
as

X LAY N7 FH 21 & 4 r Ak X8 RBE F C 024 77 ] R
— Sleipner in the North Sea,
— Alberta basin of Canada,
— the U.S. gulf coast
— Australia,
— China,..

Reactive transport modeling is also an important tool to study storage security,
caprock integrity, and degradation of wellbore cements.

REEFEBEDBAER AR L. REBEEERFAKERMMNEETR
Leakage from CO2 storage formations into potable aquifers and its impact on
groundwater quality is a potential concern, which can be best studied through
reactive transport modeling.

I R NV BB AN, AT BLPRHTCO2 itk 55 21 AT AR A B9 2 7K 2wt T KK R T FE R T
The model can be only partially validated by Lab, Field, Natural.
RE R BT R = BFAAIRIRR LB BEAT #B 7 IR IE

Many open challenges (uncertainties) remain.

Rk AwEis) TIRAFLE




